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Introduction
Minimal residual disease (MRD) is a powerful predictor of response to treatment and clinical outcome in childhood acute lymphoblastic leukemia (ALL). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] The most reliable methods for studying MRD are the flow cytometric (FCM) analysis of leukemia-associated immunophenotypes and polymerase chain reaction (PCR) amplification of antigenreceptor rearrangements. [11] [12] [13] [14] [15] [16] [17] [18] [19] FCM is more time-and cost-effective, whereas PCR has a higher sensitivity. Wide standardization, quality control and guidelines on real time quantitative PCR analysis and interpretation have been assessed within the "EuroMRD' group (previous 'European Study Group for MRD detection in ALL", ESG-MRD ALL). 16 A quantifiable range achievable by FCM-MRD can generally be defined as the ability to detect 30 clustered MRD events in 3×10 5 total cellular events (0.01%). However, a cluster of at least 10 events with leukemia-associated immunophenotype and back-gating light scatter can be sufficient to define a sample as "MRD-positive". 19 Several parameters are critical for the conception and interpretation of MRD studies, including therapeutic context, selection of patients, sample timing, target markers, the required sensitivity of the assay, inter-laboratory standardization (particularly relevant in multicenter studies), and the retrospective or prospective design of the study. Another critical issue is the discordance between PCR and FCM results. This may be mainly due to the limited number of total cells available in the FCM test-tube, which reduces the sensitivity, and thus the accuracy, of FCM at low levels of MRD (below 10 -4 ). However, qualitative or quantitative discrepancies can also be explained by different factors affecting either PCR or FCM. These factors include: (i) quality of clonal PCR-markers; (ii) non-specific amplification of normal DNA or amplification of DNA from dead/dying leukemia cells; (iii) oligoclonality and/or clonal evolution, (iv) age-related 20 or therapy-related bone marrow B-cell precursor regeneration status; 21, 22 (v) immunophenotypic changes between diagnosis and relapse; 23, 24 and (vi) druginduced immunophenotypic modulation. 25 PCR-MRD was largely used to stratify patients within the AIEOP-BFM ALL 2000 protocol. 9, 18 However, few studies have compared the MRD estimates obtained by the simultaneous application of FCM and PCR in therapeutic protocols and at specific time points. [26] [27] [28] [29] [30] Indeed, PCR and FCM MRD measurements may be combined for a better definition of the risk of treatment failure in children with ALL treated in a multicenter study. 31 Here we report the results of the contemporary application of FCM and PCR analysis to 3565 bone marrow samples. The samples were obtained from 1547 consecutive children with ALL at multiple time points of the induction phase within the AIEOP-BFM ALL 2000 trial. The impact of different cell preparation procedures and different FCM methodological options was also tested. This is the largest reported cooperative study that has simultaneously evaluated the performances of FCM and PCR in measuring MRD in children with ALL.
Design and Methods

Study population
Between September 2000 and June 2006, 4741 children aged 1 to <18 years with newly diagnosed Philadelphia chromosomenegative ALL were consecutively enrolled in the AIEOP-BFM ALL 2000 study in Italy (NCT00613457), Austria, Germany and Switzerland (NCT00430118). Out of these, 3715 patients (78%) were stratified for treatment according to MRD data measured in bone marrow by PCR. 9 In a subset of 1547 of the 4741 children (32.6%), MRD was also measured by four-color FCM on days 33 and 78, and in a subset of 471 patients MRD was measured in bone marrow on day 15. The sensitivity of both FCM and PCR was at least 1×10 -4 . Continuous PCR log values suitable for quantitative comparison with FCM results were available from 1115 patients, while in 432 out of 1547 patients PCR-MRD levels were quantified only in terms of log range. For example, an MRD value falling into the range ≥5×10 ', but the actual continuous MRD values were unspecified. These samples were used only for qualitative comparison with FCM (positive versus negative), but not for continuous assessment of MRD level. FCM and PCR data were managed independently. A separate series of 110 patients consecutively recruited in the MRD-laboratory in Vienna were analyzed for a triple comparison study with both four-and seven-color FCM.
Since PCR-MRD analysis of samples on days 33 and 78 had therapeutic implications in the AIEOP-BFM ALL 2000 protocol, priority was given to this technique. It was applicable in 78% of patients, 18 while FCM-MRD was performed only when excess material was available; the assessment of overall FCM-MRD applicability was not, therefore, possible. However, virtually all patients studied (>98%) showed suitable immunological markers for FCM-MRD monitoring at diagnosis.
Institutional ethical committees approved the bone marrow sampling for diagnostic work-up and MRD investigation along with the international trial. Each was performed strictly according to informed consent guidelines.
Diagnostic studies
Bone marrow samples were tested by references laboratories in each country based on standard analyses. Immunophenotyping was performed by multiparametric FCM, as reported elsewhere. 32 Leukemia-associated immunophenotypes were assessed according to a previously reported method. 19, 25 Flow cytometric minimal residual disease study For each follow-up specimen, the following procedures were carried out: one aliquot of total nucleated cells (NC) was used for the FCM assay, while one aliquot underwent Ficoll gradient separation and the mononucleated cell (MNC) fraction was used for the PCR assay. The following monoclonal antibodies were used in four-color combinations for the detection of MRD:
19 TdT (Supertechs, Bethesda, MD, USA); CD3, CD5, CD10, CD11a, CD20, CD34, CD38, CD45 (Becton Dickinson, San Jose, CA, USA); and CD10 (PE), CD58, CD19, CD99, CD7, CD3 (PE-Cy7) (Beckman-Coulter, Miami, FL, USA). Monoclonal antibodies were combined as indicated in Online Supplementary Table S1. Quadruple combinations were defined based on those markers that proved to be most relevant for MRD detection in ALL. 5, 20, 21, 25, [33] [34] [35] For B-cell precursor-ALL, combinations included triple-marker back bones useful for tracking leukemia-associated phenotypes in different tubes, such as CD10/CD19/CD34 and CD10/CD19/CD45. For T-ALL, however, CD5 or CD7 in combination with CD3 was mainly used to ensure blast identification in addition to aberrant or ectopic expression of CD99 and TdT, respectively. 36 For FCM-MRD measurements, at least 3×10 5 ungated events were collected and analyzed. 19 The minimum target sensitivity for quantifying MRD was defined as the ability to detect 30 clustered 
MRD events in 3×10
5 total cellular events (0.01%). However, a cluster of at least ten events with leukemia-associated immunophenotype and back-gating light scatter 19 was sufficient to define a sample as "MRD-positive".
FCM analyses were performed in four laboratories, Berlin, Monza, Padova, and Vienna, which have shared validated interlaboratory standardization procedures since 2000 for the purposes of the AIEOP-BFM ALL trials (recruitment is approximately 1000 pediatric ALL patients per year). In particular, inter-center reproducibility was assessed in several steps according to standardized procedures. 19, 25, 36 Triple-comparisons (polymerase chain reaction versus flow cytometry on mononucleated cells or total nucleated cells)
In order to investigate the variables related to sample preparation and analysis more thoroughly, we investigated 266 follow-up samples (day 15: n=55, day 33: n=69, day 52: n=55, and day 78: n=87) from 110 patients (96 with B-cell precursor-ALL and 14 with T-ALL) consecutively recruited in the Vienna laboratory. After preparation of NC and MNC aliquots (see above), each MNC preparation was then further subdivided for PCR and FCM. The PCR assay was performed as described previously. 17 
Identification of molecular markers and minimal residual disease analysis
The logistics of the study, cell sample isolation and identification of the markers for MRD evaluation have been recently reported. 16, 18 Briefly, DNA samples obtained at diagnosis from ALL cases were screened for IGH and TCR rearrangements.
Allele-specific oligonucleotide (ASO) primers were designed to complement the junctional region sequence of each target. MRD PCR targets were tested in order to select two for each patient. They each had to be sensitive to at least 10 -4 and the quantitative range of the first target had to be at least 10 -4 , while that of the second target had to be at least 5×10 -4 . 17, 18 Of note, 179 out of 1547 patients (11.6%) had one marker with a quantitative range of at least 10 -4 and another with a quantitative range of 5×10 -4 . All remaining patients had both markers with a quantitative range of at least 10 . For comparison, we used the highest MRD result obtained by either the two PCR targets or the FCM antibody combinations. Real-time quantitative PCR analysis was performed and interpreted according to the guidelines developed by the "European Study Group for MRD detection in ALL" (EuroMRD-ALL).
18
Treatment AIEOP-BFM ALL 2000 treatment phases have been recently described in detail. 9, 31 Briefly, after 7 days of monotherapy with prednisone and one dose of intrathecal methotrexate on day 1, treatment was complemented with corticosteroids. This treatment phase was followed by intravenous cyclophosphamide and cytarabine, intrathecal methotrexate, and oral 6-mercaptopurine. Subsequent treatment elements differed by risk group. 9, 18 Very high-risk patients were eligible for allogeneic stem cell transplantation.
Statistical analysis
Positive and negative predictive values, concordance, sensitivity and specificity were calculated to describe the two methods, taking PCR as the reference, with results expressed as continuous values. The two methods were compared using the Bland-Altman algorithm after logarithmic transformation. 37 Thus, the differences between the two measures on each subject were plotted against their average value. After excluding any dependence, the hypothesis of zero bias was examined with a paired t-test. The 95% range was calculated from twice the standard deviation. Box plots (horizontal lines at the 25 th , 50 th and 75 th percentiles) and scatter plots were used to describe continuous values and Wilcoxon's test was used to compare medians. Event-free survival (EFS) was calculated as time from diagnosis to the first event i.e., resistance, relapse, death in complete clinical remission and second malignant neoplasm, and then compared with the log-rank test.
Results
Concordance between flow cytometry and polymerase chain reaction detection of minimal residual disease
The two methods were first compared for their ability to detect the presence of any residual leukemic cells. Overall, the concordance rate was 71%: discordant FCM-negative and PCR-positive samples were more prevalent (n=939/3565, 26.3%), whereas there were only 102 (2.9%) FCM-positive and PCR-negative samples. The concordance rate was 86% at day 15 (471 samples, range by center: 84%-93%), 60% at day 33 (1547 samples, range by center: 53%-69%) and 77% at day 78 (1547 samples, range by center: 75%-85%).
For a more reliable comparison between FCM and PCR, a precise cut-off of 0.01% was established for both methods and applied in the 1115 children for whom continuous values on PCR were available.
In the following, we will refer to a result ≥ 0.01% as MRD-positive and a result of <0.01% as MRD-negative. Overall, the two methods gave concordant results, either above or below the cut-off (0.01%), in 2160 of 2701 samples analyzed at the three time points (concordance rate 80%) ( Table 1) . Concordance was higher, however, at day 15 and day 78 (86% and 87%, respectively) than at day 33 (70%). The difference in overall concordance rate between each center was always <10%. Concordance was also evaluated separately by immunophenotype (B-cell precursor ALL versus T-ALL) with the same time trend in the two groups, but with a lower concordance rate in T-ALL (Online Supplementary Table S2 ).
The direct comparison of MRD estimates by the two techniques at each time point is shown in Figure 1 (panels A, B, C). For patients with positive MRD by both techniques, we examined the differences between the two methods more closely using the Bland-Altman algorithm ( Figure 1 , panels D, E, F). After logarithmic transformation, the estimated mean differences of FCM results versus PCR results were significantly different from zero, and were markedly consistent according to different levels of MRD.
At each time point, MRD discordant samples (FCM-positive but PCR-negative) tended to have a significantly lower positivity level by PCR (10 -4 log-range) compared to concordant samples (P<0.001, Online Supplementary Figure S1) . Analogously, among FCM-positive samples, discordant samples (PCR-negative) had significantly lower FCM MRD levels at each time point than did concordant samples (P<0.001, Online Supplementary Figure S1) .
In samples that were positive for MRD as detected by PCR, we also assessed whether the signal was detected by only one or two markers. Results showed that the proportion of PCR MRD-positive results obtained with only one marker was 21% in the FCM MRD-negative group compared to 3% in the FCM MRD-positive group. The discrepancy was greatest (i.e. one result was <0.01% and the other >0.1%) in 35 out of 1115 cases (3.1%) at different time points (n=5 at day 15, n=26 at day 33, and n=4 at day 78). However, we did not find any specific feature, i.e. gender, age, white blood cell counts, morphological remission at day 33, DNA index, t(4;11), or final risk stratification.
The positive predictive value of FCM relative to PCR results was high at each time point, being 98%, 74% and 77% at days 15, 33 and 78, respectively. The negative predictive value of FCM was 22%, 69% and 87% at days 15, 33 and 78, respectively.
Triple-comparisons (polymerase chain reaction versus flow cytometry on mononucleated cells or total nucleated cells)
In 266 samples, the overall concordance between FCM and PCR was high (91.3% with FCM NC ; 89% with FCM MNC ) at the cut-off of 0.01% with most divergent samples being FCM-negative and PCR-positive ( Table 2) .
The proportions of MRD-positive samples decreased with time during the follow-up because of declining levels of MRD load. Consequently, the sensitivity of FCM declined substantially from day 15 to day 78 (Table 2 ). In samples that were positive for MRD according to both methods, the proportions measured by PCR were 3.4 times higher than those obtained by FCM NC (SD 4.9; n=73), and 2.9 times higher than those of FCM MNC (SD 5.8; n=75) ( Figure 2) .
The specificity of FCM, as assessed in samples with neg- Table 2 ). Notably, the specificity of both FCMapproaches at day 78 was around 99%. The overall correlation of MRD estimates by PCR and by FCM with both cell preparations is shown in Figure 2 . The concordance between the two FCM assays was 96% (255/266) in positive-negative correlations, and 91% (242/266; Figure 2 ) using the cut-off of 0.01%. Of 24 divergent samples at the 0.01% cut-off, 11 
Clinical outcome of patients with concordant or discordant results at day 33
The concordance rate between FCM and PCR MRD data was lowest on day 33. This prompted an outcome analysis in four subgroups of patients with concordant or discordant results by FCM and PCR (Figure 3 ). Using the cut-off of 0.01%, a very good outcome (5-year EFS 91.6%) was found in the cases concordantly negative for MRD (n=564), and a poor outcome (5-year EFS 50.9%) in those concordantly positive for MRD (n=223). Interestingly, the majority of discordant cases (248 discordant FCM negative and PCR positive patients) showed a better outcome (5-year EFS 77.1%) than concordant FCM positive and PCR positive cases (5-year EFS 50.9%; P<0.001). This better outcome is only partially explained by the fact that discordant cases tended to have a low level of MRD by PCR (Online Supplementary  Figure S1 ). In fact, 180 out of 248 patients had PCR-MRD values <0.1% and yet the remaining 68 patients with higher values of PCR-MRD had a relatively good outcome ( Figure  3, continuous lines) .
Among negative PCR MRD cases, discordant positive FCM MRD values identified a subgroup of 80 patients with relatively poor outcome (5-year EFS 81.9%) as compared to concordant cases which had FCM MRD negative results (5-year EFS 91.6%, P=0.02). The outcome of these cases varied slightly depending on the level of PCR MRD (Figure 4) . Very similar results were observed at day 78 (data not shown).
Discussion
We report here a comparison of FCM and PCR for MRD detection in a large subset of children with ALL who were consecutively enrolled in the AIEOP-BFM ALL 2000 multicenter study. Importantly, the concordance rate between these two techniques was assessed prospectively according to their routine and independent application.
All previous studies comparing FCM and PCR used a 0.01% threshold to define MRD positivity. [26] [27] [28] [29] [30] By applying this criterion to our series, the overall concordance rate was 80%, with the lowest concordance rate at day 33 (70%). Our results concur with those reported by Malec et al., 28 but contradict others of studies indicating a concordance higher than 90%. 26, 27, 29, 30 Several differences between these studies and ours may explain this. Kerst et al. 29 and Ryan et al. 30 considered many fewer paired samples than we did in our multicenter study. Furthermore, those authors used MNC as the starting material for both FCM and PCR, while, for the g. gaipa et al. 1590 haematologica | 2012; 97(10) first time, we applied FCM and PCR on total NC and MNC, respectively, using internationally standardized methods. 18, 19, 26 Of note, divergent results in our study were uniformly distributed among centers; no correlations were found between concordance rate and time delay from collection to analysis; in particular, concordance rates did not change substantially whether the references laboratory processed samples from the local clinic or samples from others clinical centers (overall concordance of 82% and 79%, respectively).
It should also be noted that the overall concordance rate is strongly affected by the number of negative samples. In a study by Neale et al., a concordance rate of 96.7% was obtained in a series including 87.3% (1200 out of 1375) double-negative samples. In our series, we obtained an overall concordance of 80%, but with a lower prevalence of such double-negative samples (1501 out of 2701, 55.6%). Hence, when limiting the analysis to samples with PCR-MRD ≥0.01%, the overall sensitivity of FCM was 60% while its overall specificity was 94%, indicating that the primary difference between FCM and PCR is sensitivity; however, others factors may potentially affect the concordance between FCM and PCR in MRD measurements. [20] [21] [22] [23] [24] [25] 38 A few highly discordant results not attributable only to the sensitivity were observed in our study: four samples (three collected on day 15 and one on day 33) had 10-50% MRD by PCR and were negative by FCM; these samples showed bone marrow morphology with a large prevalence of marked apoptosis but without clear evidence of preserved leukemic cells, indicating that PCR amplification of dead cells could have occurred. Those cases were still highly positive at the subsequent time points. By contrast, in three samples (one collected on day 15 and two on day 33) we observed ≥1% MRD by FCM and no MRD by PCR, indicative of a possible evolution of clonal PCR targets, although this could not be formally demonstrated. These patients showed very low MRD values at subsequent time 5 NC) the criteria for assessing MRD positivity were different. While a cluster of at least ten cells with related characteristics had to be detected by FCM to qualify a sample as MRD positive, PCR positivity theoretically relates to a single copy of the target sequence against a background of non-specific amplification. 18 Thus, at the level of 10 -4 , both methods may be considered equivalent in detecting the amount of MRD (10 leukemic cells in a background of 100000 normal cells). At very low MRD levels, however, it may not always be clear by PCR technology whether the signal observed is due to specific (but not quantifiable) amplification from leukemic cell DNA or from non-specific amplification of normal DNA. Despite this, in protocols aiming at recognizing patients at very low risk, it may be preferable to prevent false-negative MRD results to ensure intensive treatment for all patients. Accordingly, we found that with decreasing levels of MRD, FCM results were more frequently negative in samples qualified positively by PCR. Yet, most discordances were found in samples with low levels of MRD (i.e. <0.1%), so, according to current criteria, 9,31 identification of high risk patients would not be affected.
In previous studies, most authors used MNC as the starting material for both FCM and PCR. We found that the impact of using either MNC or NC on the concordance of FCM with PCR results was minimal, and it was mainly due to the higher amount of input and number of acquired cells. FCM results from MNC and NC were divergent in only 1.5% of samples (4 out of 266), potentially due to different sample preparations or color set-up (i.e. seven-instead of four-color FCM). However, increasing cell acquisition from 3×10 5 to 5×10 5 cells was still not enough to yield a sensitivity similar to that of the PCR technology. Developments in FCM including high-performance data processing and storage equipment may allow us to further increase sensitivity.
During the last 15 years, measuring MRD in the bone marrow of children with ALL has made it possible to identify patients with different prognoses. [4] [5] [6] [7] [8] 39 Hence, MRD measurement is now widely applied to assign patients to different risk categories in many front-line treatment protocols. Since PCR and FCM showed the most discordant results on day 33, we assessed outcome with combined MRD results derived from both methods at this time point. Interestingly, patients who were MRD-positive on day 33 (i.e. ≥0.01%) by PCR, but negative by FCM, had a better EFS (77.1% at 5 years) than patients with MRD above this threshold with both techniques (50.9% at 5 years; P<0.001).
On the other hand, patients who were PCR-MRD negative and FCM-MRD positive on day 33 had a 5-year EFS of 81.9% compared to 91.6% of those with MRD below this threshold by both techniques. However, the PCR/FCM discordant cases (PCR positive/FCM negative and vice versa) had an outcome much closer to the double negative than to the double positive cases, suggesting that at this time point the presence of very low levels of residual leukemia cannot be strongly predictive of worse outcome.
Although, in general, cut-off levels for technique comparison (i.e. 0.01%) might not necessarily correspond to MRD levels with clinical impact, the intermediate outcome observed (at low MRD levels) in discordant groups may represent the effect of intermediate levels of MRD, at the limit of the sensitivity of both FCM and PCR. These data sustain a potentially complementary role of the two technologies, when applicable and economically sustainable, for further improvement of treatment tailoring.
To our knowledge this is the first report comparing MRD results by FCM and PCR technologies in a multicenter setting with the largest series of patients ever analyzed. We conclude that concordance rates between FCM and PCR largely depend on the time point of the analyses, when varying regenerating cell backgrounds as well as diverse tumor burdens create the conditions for a different capability of the two methods to detect residual leukemic cells. Indeed, most discordances occur at the lowest levels of MRD. If the two technologies should be applied contemporary for clinical decisions, in case of discrepant results the highest (reproducible) value should be assumed, to avoid the risk of under treatment of patients. However, both FCM and PCR methods independently provide strong prognostic information at appropriate time points, and can be used for patient risk stratification, as shown in particular for BFMbased protocols in various studies.
9,39,40 AIEOP-BFM ALL 2000 trial patients were stratified according to PCR-MRD levels on days 33 and 78 of treatment using MRD negativity and high positivity, respectively. 9 For future treatment tailoring, FCM MRD measured in the subsequent protocol on day 15 will contribute to refining stratification, based on recent findings. 31 The choice of the methods to be used depends on expertise, resources and design of the clinical trial, established in each setting. 
Authorship and Disclosures
